In this paper, the nickel-phosphorus (Ni-P) diffusion barrier layer between Sn-4Ag-0.5Cu solder alloy and copper-printed circuit board was developed. The electroless plating technique was used to develop Ni-P diffusion barrier layer with different percentage of phosphorus content, which are 1-5 wt% (low), 5-8 wt% (medium) and above 8 wt% (high). The results reveal that the high phosphorus content in nickel layer acts as a good diffusion barrier for Sn-4Ag-0.5Cu since it can suppress the intermetallic compound formation. This is because in higher phosphorus content, the grain boundaries were found to be eliminated. Hence, resulted in thinner intermetallic compound thickness.
INTRODUCTION
Printed circuit boards are generally fabricated in a surface-finished condition by board manufacturers and then shipped to an assembly house. There are some parts of the board, which are made of copper, left exposed for subsequent soldering. Hence, it needs protection by applying surface finish to avoid further oxidation and at the same time to maintain its solderability capability [1] . Among all metals, nickel (Ni) layer is one of the most suitable surface finish to be used as a diffusion barrier layer between copper (Cu) and tin (Sn) due to its slower diffusion rate in Sn as compared to Cu [2] [3] [4] . This situation results in producing thinner intermetallic compound (IMC) layer.
As reported in [5] , nickel has been recognized as a diffusion barrier in the top surface morphology (TSM) system due to its relatively low diffusion rate through Au and Cu. Of all the Ni-plating processes, the most cost-effective option is electroless nickel-phosphorus (Ni-P). However, the phosphorus content in the electroless Ni greatly influences the interfacial reactions with solders. During reflow soldering, a new P-rich Ni layer is formed between the interfacial IMC and original electroless Ni-P layer [6, 7] . The formation of this P-rich compound is a new issue to be considered for the solder joint reliability.
In other works mentioned by previous researchers in [8] [9] [10] , the crystallized Ni 3 P phase has a polycrystalline columnar structure that appears to contain defects. During reflow soldering, Kirkendall voids would form as a by-product of P-rich layer formation and these voids are claimed to be detrimental on joint reliability by resulting in brittle fracture. Besides, previous work also shows that the nature of deposit such as P content and thickness of electroless Ni-P layer might affect the fracture mode of solder joint by performing shear test [11, 12] .
Other than that, Kim et al. [13] and Yoon et al. [14] who used Sn-3.5Ag solder alloy mentioned that the thickness of IMC was affected by the P content, whereby lower P content (7 wt%) produced thicker IMC than higher P content (10 wt%). Laurila and Vuorinen [15] also found that Ni 3 P IMC formation can be suppressed when the P content reached 30 at%. However, the researchers did not mention the exact reason of what was happening to the surface of the coated copper when different P content was used.
From the above-mentioned studies, it can be concluded that the fundamental understanding in the area of solder metallurgy in solder interconnect was still lacking. This is especially important after the industry switch to lead-free solders was implemented in July 2006. Therefore, an experimental investigation was conducted to explore the effect of Ni-P layer, which contained 1-5 wt% (low P), 5-8 wt% (medium P) and above 8 wt% (high P) of the copper circuitry on printed circuit boards when using Sn-3Ag-0.Cu solder alloy. Besides, the microstructural characteristics of the coating and the thickness of the IMC layer were also analysed and measured to evaluate the Ni-P layer diffusion rate.
MATERIALS AND METHOD
Materials preparation is divided into two steps, which is explained in the following section:
Surface finish deposition
The as-received fibre-glass epoxy material (FR-4) with the thickness of 1 mm was cut into 50 mm × 80 mm and used as the substrate material. The substrates were mechanically ground using silicon carbide paper of 1000 grit and 4000 grit since it can give suitable surface roughness, which was 0.073 Ra. The substrate materials then had gone through a precleaning step to produce an oxide-free surface and also activate its surface at the same time. After that, the substrates were plated in nickel solution. Three types of electroless nickel were used in this research to produce coatings with three different phosphorus contents. Solution for high P and low P is prepared in laboratory while the nickel containing medium P was a commercial one. The combination for laboratory prepared Ni solutions is shown in Table 1 . Thiourea was added as the stabilizer to prevent decomposition of the solutions for low and high P baths. The quantity of thiourea is very important as too much of it would slow down the plating process.
The medium P solution is called NIMUDEN 5X, a high-temperature acidic solution (90-92°C, pH 4.3-4.5). It is usually used in the industry to produce coating with phosphorus content between 5 wt% and 10 wt%. To make-up the solution, four parts of the distilled water are mixed into one part of NIMUDEN 5X. The solution is then placed into the plating bath. Sodium hydroxide and sulphuric acid are used to control the pH value to the required range. If the pH value runs below 4.0, plating speed decreases and if the value runs above 4.6, plating solution sometimes become muddy. For this solution, plating time of 50 min produced ~6.070 μm of Ni thickness.
Solder bump formation and materials characterization
First, the substrates were coated with a thin layer of no clean flux to improve wetting of molten solder during soldering. Then, the substrates were manually populated with lead-free Sn-3Ag-0.5Cu solder balls with 500 μm in diameter arranged in several rows on top of copper substrate. Bonding to form the solder joints was made by reflow in a resistance furnace with the peak reflow temperature set at 250°C for lead-free Sn-Ag-Cu solder for about 6 min. The samples were then subjected to isothermal aging at 150°C for up to 2000 h.
Cross-sections from the samples were prepared and examined by means of optical and electron scanning microscopy. Energy dispersive X-ray (EDX) and X-ray diffraction (XRD) were used to identify the chemical elements in the microstructure. The average thickness of the IMC formed is measured using EDX spot analysis across the intermetallic layer on cross-sections of the solder joints.
RESULTS AND DISCUSSION

Diffusion barrier layer
Electroless nickel with phosphorus as reducing agent has been selected as the barrier layer for this research. According to Yli-Pentti [5] , electroless Ni-P has been considered as a promising finish due to its many advantages such as excellent selective deposition, good corrosion resistivity, strong adhesion, easy processing and low cost. Furthermore, the IMC growth has been found to be minimized in the case of Ni finish, as the reaction between Ni and Sn is much slower than between Cu and Sn. Electroless nickel coatings are not pure nickel deposits but rather alloys of nickel and other compounds such as phosphorus or boron, depending on the reducing agent used during deposition. Because of the low solubility of these compounds in a nickel matrix, the coatings obtained are supersaturated solutions of either phosphorus or boron in nickel. This low solubility drastically alters the microstructure of the metal coating. In general, the electroless nickel-phosphorus (Ni-P) deposits can be classified as low (1-5 wt% P), medium (5-8 wt% P) and high (9 wt% P and more) phosphorus deposits based on their phosphorus contents. Results showed that the as-deposited, low concentrations of phosphorus in nickel result in a microcrystalline or crystalline coating, whereas medium level of phosphorus yields coatings that contain both crystalline and amorphous nickel phases. High concentrations of phosphorus produce electroless nickel deposits that are completely amorphous, mixtures of amorphous and microcrystalline nickel or those mixtures plus various other intermediate phases like Ni, Ni 3 P, Ni 12 P 5 and Ni 2 P. Figure 1 shows the EDX results of the as-deposited nickel layer containing different phosphorus contents: low phosphorus, medium phosphorus and high phosphorus. During electroless nickel plating, the atomic ratio of consumed Ni 2 + and H 2 PO 2 is about 1:3.3, so the consumption of H 2 PO 2 is much faster than that of Ni 2 + . After a period of deposition, the concentration of H 2 PO 2 will be much lower than that in the fresh solution. Because the phosphorus in the Ni-P coatings comes from the H 2 PO 2 -in the solution and a low reactant concentration will result in a low reaction rate, the solution after several plating operations will produce Ni-P coatings with lower phosphorus content. It is quite difficult to control the phosphorus content in the Ni-P coating, so there will always be some variation during testing. The results were in the same argument with [2, 16, 17] . In this research, we selected to follow the general classification of Ni-P deposits; low (1-5 wt% P), medium (5-8 wt% P) and high (9 wt% P and more).
XRD is widely used to determine the structure and composition of materials. Diffraction patterns contain information showing various phases of a material. Figure 2 shows the diffraction pattern for each of the Ni-P deposit with the various P contents. From the results, it is shown that the main nickel peak is between 40° and 50° on the 2θ scale. The wider the peak, the more amorphous it is. If the peak is narrow, that means the Ni-P is more crystalline. Figure 2a shows the XRD obtained from the high P nickel sample. From this graph, it is quite clear that the peak is wide and no Ni or Ni 3 P phases were detected. Only intermediate phases like Ni 12 P 5 and NiP can be identified. This confirms that the high P containing Ni is indeed amorphous. Figure 2b shows the XRD for Ni deposit containing medium P. It also shows that the peak is wide indicating the existence of amorphous state. Ni, Ni 3 P, and some other intermediate phases such as Ni 12 P 5 and NiP were detected, which also indicate that the medium Ni-P is a mixture of amorphous and crystalline. The XRD spectrum in Fig. 2c shows a narrow and characteristic peak compared to the spectra in Fig. 2a and b . Ni, Ni 3 P, Ni 12 P 5 and Ni 2 P can also be detected in this graph. Again, it is obvious that the Ni deposit that contains (a) high P nickel, (b) medium P nickel and (c) low P nickel.
low P content is a mixture of amorphous and crystalline phases, but compared to medium P, low Ni-P sample is more crystalline. In Fig. 3c , it can be seen that there was a nodular shape of electroless Ni-P deposits. These nodules were combined to from a granular type of structure with grain boundaries. The existence of these grain boundaries decreases the efficiency of low P as a diffusion barrier. It is because the nickel atoms from the diffusion barrier itself can diffuse through these grain boundaries to form IMC at the interface faster and after certain time, the copper can also easily diffuse through these grain boundaries to combine with tin and form IMCs. Hence, it is more efficient to use a higher P content nickel as a diffusion barrier so that grain boundaries can be eliminated.
Intermetallic compound diffusion rate
In general, the formation of intermetallic started after reflow soldering, whereby Sn from the solder alloy will diffuse towards the copper substrate and thus form Cu-Sn intermetallic compound. Whenever there was a layer of surface finish applied on top of copper substrate, the diffusion rate of Sn into Cu will be decreasing. The diffusion rate needs to be controlled to produce optimum IMC thickness. This is because, faster diffusion rate will produce thicker IMC, which is detrimental to the solder joint since IMC is brittle in nature. This will finally lead to the failure at the solder joint. In this part of the study, IMC thickness produced by both Ni-P surface finish and copper substrate was compared to give a better view in terms of difference in diffusion rate. The type of IMC formed after reflow soldering using Ni-P surface finish was (Cu,Ni) 6 Sn 5 . Figure 3 : SEM top surface structure of Ni-P surface finish with different P contents:
( a) high P nickel, (b) medium P nickel and (c) low P nickel.
Generally, the thickness of a reaction layer in the diffusion couples can be expressed by the simple parabolic equation
where W is the thickness of the reaction layer, k the growth rate constant, n the time exponent and t the reaction time. The thickness (W) of the Cu-Ni-Sn IMC layer as a function of the square root of the aging time (t 1/2 ) for each of the aging temperatures of 0-2000 h. The average thickness of the interfacial IMC layer was found to be increasing linearly with the square root of aging time. This means that the growth of IMC layer is controlled by the volume diffusion mechanism. In other words, the thickness of the interfacial Cu-Ni-Sn IMC layer was proportional to the Ni content in the Ni-P layer. The growth rate constant was calculated from a linear regression analysis of W versus t 0.5 , where the slope = k. Table 2 shows the growth rate constants calculated for the (Cu,Ni) 6 Sn 5 IMC at different aging temperatures in the two types of solder joint. Figure 4 shows the relation between (Cu,Ni) 6 Sn 5 IMC thickness with P content. Results indicated that P content did affect the IMC thickness whereby it got decreased with higher P content. Thus, it is proved that the elimination of IMC grain boundaries leads to decrease in IMC thickness.
Intermetallic compound formation
In this study, the interfacial microstructures between liquid solder, Sn-4.0Ag-0.5Cu and Ni-P surface finish after reflow are shown in Fig. 5 . Meanwhile, Fig. 6 shows interfacial microstructures formed after isothermal aging for high P content. In general, the IMC formed between Sn-Ag-Cu solder and pure Ni is depending on the Cu concentration in the solder material. When Cu concentration in the solder was not more than 0.2 wt%, a continuous layer consisting of (Ni,Cu) 3 Sn 4 is formed at the interface. However, when the Cu concentration was more than 0.6 wt%, the formation of (Cu,Ni) 6 Sn 5 IMC dominated at the interface. If the Cu concentration was between 0.2 and 0.6 wt%, the IMC would be a discontinuous (Cu,Ni) 6 Sn 5 layer formed over a continuous (Ni,Cu) 3 Sn 4 layer [4] . This was attributed to the difference in activation energy of these two IMCs. In the Cu-Ni-Sn ternary system, (Cu,Ni) 6 Sn 5 is more stable than Ni 3 Sn 4 . Therefore, (Cu,Ni) 6 Sn 5 is preferentially formed at the interface if a certain amount of Cu is present in the solder. From Fig. 5 , it was found that high P Ni layer formed fine grain, planar layer of (Cu,Ni) 6 Sn 5 . While medium P containing Ni formed fine grain of (Ni,Cu) 3 Sn 4 with a few large polygonal (Cu,Ni) 6 Sn 5 crystals. For low P-containing Ni layer, fine needle-type and boomerang shaped (Ni, Cu) 3 Sn 4 IMC formed. Thus, high P content was preferable since it can help in producing a stable (Cu,Ni) 6 Sn 5 . This in turn may lead to a better solder joint strength.
The reason for such IMC formation is related to the crystal structure of the Ni-P layer. As mentioned before, high P content was in amorphous phase. This is also means that the P content is enough to distort the Ni lattice until the XRD could not detect the Ni. The tie-up of Ni with P makes it harder for Ni to diffuse freely in a short time during contact of liquid to solid during the reflow soldering. Whereas for low P, Ni atoms are free and abundant. The availability of Ni atoms shifted the formation from Cu-rich IMC to Ni-rich IMC, a fact indicated by the formation of (Ni,Cu) 3 Sn 4 for low P-containing sample. From these results, it was clearly indicated that the content of P in the Ni layer may also affect the type of IMC formed at the solder joint. Nevertheless, it should be noted that the overgrowth of IMC formed at the interface will deteriorate the mechanical properties of the solder joints, and thus Cu can be a very important element added in the lead-free solders when Ni-P substrate is used.
CONCLUSION
This project was undertaken to develop Ni-P diffusion barrier layer on copper using electroless plating method and evaluate the effect of P content towards IMC growth rate. The most obvious finding to emerge from this study is that IMC growth rate was lower (1.10 × 10 3 m 2 /s) when nickel layer with high P content was used. It was also shown that the IMC grain boundary was found to be eliminated when using high P content. These findings enhance our understanding of effect of nickel layer with different P content towards IMC growth rate. However, this research has thrown up many questions in need of further investigation especially in the area of reliability issues. Future research should concentrate on the investigation of mechanical testing such as shear test or shock test in order to evaluate the solder joint or IMC that was formed.
